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(71) We, PILKINGTON BROTHERS 
LIMITED, a Company incorporated under the 
laws of Great Britain, of 201 — 211, Martins 
Building, Water Street, Liverpool L2 3SR, 
Lancashire, England, do hereby declare the in- 
vention fox which we pray mat a patent may 
be granted to us, and the method by which 
it is to be performed, to be particularly de- 
scribed in and by the follo wing statement:— 

This invention relates to glass ceramic 
materials and methods of inainifacturing those 
materials. 

It is known that certain glasses are capable 
of controlled crystallisation to form strong glass 
ceramic materials. Fox example glass ceramic 
materials have been made by crystallisation of 
glasses of the foUowing systems: 

SiOa— Al 2 O a — Li 9 0 
SKV- AUOr-JUgO 
SKV- - AlsOs— BaO" 

The glass customarily contains a proportion 
of a nucleating oxide, e.g. TiOa, 2rO t or 
Pg0 8 . 

Usually the homogeneous melt is shaped 
by a conventional forming process, g by 
moulding or extrusion, and in the course of 
the forming process the glass is cooled to a 
ternperature at which it holds its shape. There- 
after the formed glass is held for a tim*^ some- 
times a matter of hours, to develop a degree 
of nudeation in the material, and thereafter 
the rm r le at ed material is slowly heated at a 
rate, eg. 5°C rninr 1 , at which, at the -onset 
of crystallisation, the glass is still sumciendy 
viscous to hold its shape, and as the tempera- 
ture ri ses farther thereafter and the rate of 
crysnrilisarion increases, a balance is struck 
between the increase in stiffness of the material 
due to its increasing crystaUinity, and the de- 
crease in viscosity of the vitreous matrix in 
which crystal growth is taking place. The 
preformed shape of the material is not then 
modified during t he crystallisation process. The 



slow hearing rate has also been thought neces- 
sary to ensure that no damaging stresses are 45 
generated within the material, which could 
cause cracking for example. 

A long process time has been necessary 
in order to satisfy these reqmrements; some- 
times up to 2 or 3 hours or more; and it is a 50 
main object of the present invention to develop 
a new concept in the manufacture of glass 
ceramics whereby process time; is considerably 
reduced without detracting from the quality 
of the material produced at a high rate of pro- 55 
cessing. 

This mvention is based on the discovery 
that crystallisation can occur on a dispersion 
of embryonic centres of incipient crystal growth 
in me material, which dispersion is itself in- 60 
sufficiently developed to produce a self-sup- 
porting network of crystals within the material, 
if the temperature of the material is rapidly 
raised from a temperature at which that dis- 
persion exists to a selected crystallisation ten.- 65 
peratu re range which is conducive to rapid 
crystal growth on those centres, and that the 
rapid raising of the temperature can permit 
internal stresses to be relieved without damag- 
ing the material. 70 

According to the invention there* is pro- 
vided a method of manufacturing a fine- 
grained glass ceramic material from a ther- 
rnally-crystallisable vitreous material, in which 
the material js shaped, cooled and subsequently 75 
heated to a predeternimed crystallisation tem- 
perature, wherein, after shaping, the material 
is supported against loss of its shape through- 
out the subsequent processing, said processing 
comprising heating the shaped and supported 80 
material to a temperature T x which lies be- 
tween T e and T Jl 4-220 o C, where T s -is the 
transformation temperature of the vitreous 
material, so as to develop within the material 
a uniform dispersion of embryonic centres of 85 
incipient crystal growth, and then rapidly 
heating the material at a controlled rate in 
the range 30° C min" 1 to 480° C. min~ l to 
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the predetermined crystallisation temperature 
in the range 800° C. to 1250°CL to effect 
une-grained crystal growth on those embryonic 
centres while the viscosity of the glassy matrix 
of the crystallising material is at a value which 
permits rapid stress relaxation. 

The shaped and supported material may be 
held for a period of between 2 and 30 min- 
utes at the temperature T N winch lies be- 
tween T« and T c -i- 220° Q where T c is the 
transformation temperature of the vitreous 
material, so as to develop within the material 
a uniform dispersion of embryonic centres of 
incipient crystal growth, and rhrn rapidly heat- 
ing the material at a controlled rate in the 
range 30° C. micr 1 to 480° C. rnhr^ to the 
predetermined crystallisation temperature in 
the rang e 800 °C to 1250°C to effect fine- 
grained crystal growth on those embryonic 
centres while the viscosity of the glassy matrix 
of the crystallising material is at a value which 
permits rapid stress relaxation. 

The shaped and supported material may be 
held for a period of between 2 and 30 min- 
utes at die Temperature T x which lies between 
T c andT c +220°C 

Fine control of the quality of the glass 
ceramic material produced may be achieved 
by inter-relating the temperature T K and the 
period far which the material is held at T x 
for development of the dispersion of embryonic 
centres, to produce a required degree of crystal- 
linity, crystal size distribution and crystal 
species in the glass ceramic. 

The invention is particularly applicable to a 
continuous method of ma n»f«r trrrfn g a g fagg 
ceramic material wherein the thermally-crystal- 
Usable vitreous material is ttk»1tH and formed 
into a ribbon which is continuously advanced 
along a non-wettable support, in per se known 
manner, and the matpWal is supported on the 
non-wettable support throughout the sub- 
sequent processing which develops the 
embry onic centres and then effects fine-grained 
crystal growth on those centres. 

The support for the material is preferably 
provided by a non-wettable support material 
of high thermal conductivity to assist in mini- 
mizing the Thermal gradient through the thick- 
ness of the material during the rapid tempera- 
ture changes enforced on the material. The 
maintenance of the support for the material 
throughout the -process ensures that considera- 
tions of maintaming at least a mfrnmiTm vis- 
cosity do not constimte an mipediment to the 
rapid heating of the m a ty i fr f . 

The non-wettable support may be a bath of 
molten metal, the melt being poured on to die 
bath at a controlled rate and advanced in rib- 
bon form along the bath as it crystallises, and 
the glass ceramic ribbon when formed is ccoled 
until h can be taken from the bath without 
damaging the ribbon. 

In certain preferred ernbodiments of the 



Ii a O — -AiaOs— SiO t composition attaining a 
Tmd c at ing agent, which may comprise P 3 O a , 
ZrOs, TiOi or combinations of tHp<^ com- 
pounds. 

The invention also comprehends a fine- 
grained glass ceramic material produced by a 
method as described above. 

In order that the invention may be more 
dearly understood some embodiments thereof 
will now be described, by way of example, with 
reference to the accompanying drawings, in 
which:—- 

Figure 1 is a graphical representation of a 
two-stage heat treatment for manufacturing a 
glass ceramic material according to the in- 
viention, showing temperature plotted against 

Figure 2 is a similar representation of a 
three-stage treatment according to the inven- 
tion, 

Figure 3 is a simil ar representation of a 
single-stage treatment according to the inven- 
tion, 

Figure 4 is a ctfagraxnmatic sectional eleva- 
tion of an apparatus for manufacturing a glass 
ceramic material by a two-stage heat treatment 
according to the invention, using a molten tin 
support, and 

Figure 5 is a schematic diagram illustrat- 
ing the manner in which die optimum condi- 
tions for a process according to the invention 
can be selected. 

The method of the invention can be applied 
to vitreous materials in various ways but it is 
preferred to apply it to such materials in the 
form of a ribbon advanced along the surface 
of a bath of molten metal, for example molten 
un or a molten tin alloy in winch tin pre- 
dominates, in an apparatus such as that 
diagraxnmatically illustrated in Figure 4. 

In Figure 1, the temperature of die vitreous 
material is plotted against time. In the method 
illustrated in Figure 4, the time is proportional 
to the distance which the particular portion of 
vitreous material has travelled along the tin 
bath. It will be seen that the process illustrated 
starts with molten glass at a very high tem- 
perature, which is cooled rapidly to a tempera- 
ture below the temperature T N . This rapid 
cooling has been found advisable for reducing 
metime spent by the glass at or near the tem- 
perature T x before controlled generation of 
embryonic centres is begun. The glass tem- 
perature is then raised to T* and remains at 
this temperature for a predetermined period of 
time which is chosen so as to be sufficient to 
generate throughout the maWflj a uniform 
dispersion of embryonic centres of incipient 
crystal growth, without growing on those 
centres a substantial accretion of crystalline 
material as has been commonly done in nuclea- 
tian procedures in the past. Thereafter the 
glas s temperature is raised rapidly through 
die crystallisation temperature range to induce 
crystal growth on the centres gsnerate^ .a the 
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preceding step, and is then held at a tempera- 
ture To in the higher end of the crystallisa- 
tion temperature range for the time required to 
achieve desired physical properties. The glass 
ceramic is then cooled to room temperature. 

Figure 2 shows a modification of the pro- 
cess of Figure 1, in which a second step is 
provided between the initial growth of 
embryonic centres and the final crystallisation 
step, in which the glass is rapidly heated and 
fcen held at a temperature T x (in a range 
intermediate between that where generation^ 
embry onic centres can occur and the final 
crystallisation range) for a predetermined time 
to allow some accretion of crystalline material 
to take place on the embryonic centres before 
me glass is heated to the range in which 
crystallisation is completed. 

Figure 3 illustrates an alternative treatment 
for materials in which growth of embryonic 
centres takes place particularly rapidly. In 
this case the separate hold at an intermediate 
temperamre is eliminated. The molten glass 
is rapidly cooled to a. temperature belowTV, 
and is then heated rapidly through the tem- 
perature T N up tn Tc, held at that temperature 
for a predetermined period and then cooled. 

Figure 4 illustrates dkgrammaucallv an 
apparatus for carrying out the process of 
Figure 1. In Figure 4, the foreheartfa of a con- 
tinuous glass melting furnace is indicated at 
10, and a spout of rectangular cross section 
at 11. A gate 12 is adjustably suspended above 
the spout. The molten glass 40 flows forwardfy 
and downwardly from the spout 11 to form a 
ribbon 25. 

The ribbon forming means just described 
is disposed over one end of a tank generaUv 
indicated at 18 which contains a batnl9 of 
molten metal, specifically molten tin. The tank 
18 is provided with a roof 20 enclosing a h~»r* 
space 21 extending over the greater part 
of the surface of the tin bath 19. A protective 
atmosphere of non-oxidising gas, e.g. a mix- 
ture of nitrogen and 5% hydrogen, £ red into 
tie head space 21 through ducts 22 to prevent 
form?^ 0n m hsSx rf coma m i narrt3 

on Thc end watt 23 at the inlet end of the roof 
20 extends t downwardly towards the surface of 
to to ba* 19 _and defines an inlet aperture 
24 through which the nVbbn* 25 of riass can 

C Ti 23a exttnds between ^eS 
^J 3 ,^ *e gate 12 to protect the g£ss 
ribbon 25 at this point The opposite end watt 
LV l*^ ™J 2° at the oudet end of 
bath 18 extends downwardly towards the cor- 
responding end wall 27 of the tank 18 to 
define an outlet 28 through which the cooled 

d^ZJf,^. CC ^ Dic ^ be taken un- 
damaged from the tm bath 19 by mecharical 
means, fllustrated as drawing roUers29 

*e Purposes of the present invention, 
Recover 20 is provided with dependmg^! 
verse partitions 13, 14, 15, 16\ I^sdmS 



along its length and reaching down to posi- 

n^nn ^K^ ^ SUlfaCe ^ the 

nobon 25 The space between the end wall 23 
and me first partition 13 forms the ribbon 
formation zone 30 in which the glass spreads 70 
laterally on the surface of the tin ba*19 
to the limit of its free flow. The space between 
pamnons 13 and 14 forms an fficoS 
zone 31. Between partitions 14 and 15 is f 
cemre-generating zone 32, and between parti. 7S 
Gons 15 and 16 is a gradient heating 20 nV33 
The space between partitions 16 and 17 forms* 
the crystallisation zone 34, and the space be- 
tween partition 17 and the exit aperture 28 
forms the final cooling zone 35. In the initial 80 
coolmg zone 31, cooling elements 36 are pro- 
vided. In the centre-generating and crvstal- 
lisation zones 32, 33, electric heaters diaS- 
matically indicated at 37 are providedTtfae 
tm bath 18 and further radiant electric ^ 85 
38 are secured to ffie undersurf ace of the ^vS 

In use, molten glass is delivered from the 
forefaearth 10 in the form of a ribbon 25 on 
to the upper surface of the molten tin bath 90 
19, on which it is supported during the sub- 
sequent heat treatment. After the ribbon forma- 
tion m zone 30, the glass is rapidly cooled in 
zone 31 from the very high temperature of 
toe molten glass down to a temperature below 95 
the centre-generating temperature T*. On 
passing the partition 14 into the centre- 
paeratmg zone 32, the heaters 37, 38 rapidly 
beat the ribbon to the temperature Tx and 
hold it at this temperature for the required 
time. The ribbon passes under the partition 15 
from the zone 32 to the gradient heating zone 
33, in which the heaters 37, 38 mpidlyheat the 
gass to a temperature T c in the upper part of 
the crystallisation range. The ribbon 25 then 
passes under partition 16 into the crystallisa- 
tion zone 34 in which the heaters 
V> 38 maintain the ribbon at the crystallisa- 
tion temperature T c for the required time. On 
passing under the partition 17 out of the 
crystalhsation zone 34 into the final cooling 
zone 35, the ribbon is cooled to a temperature 
at which it can be removed from the bath 18 
by conventional handling means, eg. the draw 
rolls 29. 6 

. The times which the glass ribbon 25 spends 
m each zone 30, 31, 32, 33, 34, 35 canbe 
altered to suit the particular vitreous material 
by altering the speed of movement of the rib- 
bon 25 through the apparatus and/or by alter- 
ing the positions of the partition walls 13, 14, 
15, 16, 17 along the length of the bath. 18. 

To enable a three-stage treatment to be per- 
formed in accordance with Figure 2, an addi- 
tional partition (not shown) may be incorpor- 
ated between partitions 14 and 15. For per- 
forming a single-stage treatment according to 
Figure 3, partition 15 may be omitted. 
^ The temperature T N , the time for which 
toe glass is held at that trmperaturc, the rate 130- 
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R at which the glass is subsequently rapidly 
heated to die crystallisation temperature T c 
and the crystallisation time ^ for which it is 
held at the crystallisation temperature can all 
vary according to the particular vitreous 
rriatenal which is being employed, and various 
methods may be used to determine the opti- 
mum values for these parameters. 

One manner in which the optimum condi- 
Qons for treating a given vitreous material may 
be determined is diagrammaricaily illustrated 
m Figure 5. A preliminary selection of a com- 
position which is likely to be capable of form- 
ing a glass ceramic can be made on known 
principles. A small batch of a selected composi- 
tion is then melted and subjected to the known 
technique of differential thermal analysis to 
locate the exo thermi c and eridothermic points 
which occur as a glass is heated or cooled, as 
well as the liquidus or solidus temperatures. 
An exothermic point generally occurs as the 
material crystallises at a significant rate. 
Different exo therms may be noted at different 
temperatures (referred to below as Teg) indi- 
cating the crystallisation, of different solid 
phases. An endothermic point is found at the 
transfonnation or transition temperature 

If no indication of a crystallisation exotherm 
can be detected, the composition must be re- 
jected, but assuming mat such an exotherm 
is detected one then cletermines the appropriate 
a nn ea lin g point from the transformation tem- 
r^ature in known manner (generally at around 
Tg— 30°C) and prepares a bulk sample of the 
glass, which is cast into rods. Sample rods 
can then be treated in a gradient furnace which 
establishes a temperature gradient along their 
length, to determine the ranges of tempera- 
tures in which growth of centres and crystal- 
lisation will take place. In most cases, the 



^JfLfT* 1 win be found to 

be between Tg and TgH-220°C. 

By use of a hot stage microscope, examin- 
rng small samples of the glass at varying 
temperatures within the range indicated by the 
preceding step, one can arrive at an optimum 
value for the temperature T x . 

The next step is to use a furnace with a 
variable hearing rate to heat small samples 
of glass at the optimum T* for varying time t 
and then to heat them rapidly It a constant 
rate R C mm 1 to a selected crystallisation 
^P^^ To generally between Teg to 
T L -50 C, where Teg is the teroperature of 
the lowest crystallisation exotherm, where Tr 
is the liquidus temperature of the glass When 
the optimum time ^ has been found, it is kept 
constant in further experiments in which R is 
varied. 

When optimum values for T yj t a and R have 
thus ^been ascertained, further small samples 
are smularly treated, first using varying values 
01 T «> ™ using varying values of the 
cr^taUisauon tune t^ until optimum values 
of both have been determined. 

The invention is applicable to a wide range 
of vitreous materials which are capable of 
crystallisation to form a ceramic Material con- 
taining SiO, and one or more of the com- 
ponents Al a O s , MgO, BaO, Li a O and ZnO, 
are effective for the production of high strength 
fine-grained glass ceramic materials when sub- 
jected to the thermal process of the present 
mvention. Table 1 sets out, in percentages by 
weight* a range of glass compositions which 
can be employed. In each of these glass com- 
positions mere is a content of one or more 

* K 01 * Ti °* 2*°* and 
rjUa, although compositions which are self- 
nucleating or which use other nucleating agents 
can be used. & 5 
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hold at the temperature T x the rim* taken to 
heat the material to the temperature T N prior 
to the hold at that Temperature is to be ex- 
cluded. 

5 EXAMPLE 1. 

A melt of glass No. 1 was produced and 
was poured on to a molten tin support. The 
melt- spread on the support to form a layer 
which was then cooled rapidly to about the 

10 strain point of the vitreous material. There- 
after the supported material was heated to a 
temperature of 820° C and was held at that 
temperature' for a hold time of about 5 mfnnf^ 
to generate within the glass a uniform dis- 

15 persion of embryonic centres of incipient 
crystal growth. It is believed that hearing the 
vitreous material to 320° C and holding at that 
temperature for 5 minims produces a very fine 
and uniform dispersion of such centres 

20 throughout the material. These centres are in- 
sufficienriy developed to produce a self-sup- 
porting network of crystals within the material. 

The material was then heated at a rate of 
300°C min -1 up to a temperature of 1250° C 

25 and there was a substantial rate of crysta l 
growth without an undesirable degree of re- 
absorption of the embryonic centres into the 
body of the material. Crystal growth was there- 
by rapidly initiated on a high proportion of the 

30 centres so that the final product was a fine- 
grained material. This distribution of micro- 
crystalline growth has the character of a dis- 
persion a nd sinc e there Is rap idly enforced on 
the material a temperature at which there is 

35 the high rate of crystal growth, the rapid heat- 
ing method ensures that the eventual crystalline 
growth takes place on the dispersed centres 
throughout the material. 
The high rate of. crystal growth takes place 

40 at a temperature at which the viscosity of the 
glassy matrix of the material is at a value per- 
mitting relaxation of stresses which would 
otherwise be generated in the material as the 
crystals form. 
45 The fine-grained glass ceramic so produced 
had a m od u lus of rupture of 176 MNjit 8 and 
the crystalline phases were £rquartz solid solu- 
tion and magnes ium aluminium titanate. The 
degree, of crystallinity was 93% with an esri- 
50 mated uncertainty of 7%. The h«iTm g pro- 
cess time was 6.4 minutes. 

EXAMPLE 2. 
Glass No. 1 was melted and poured on to a 
molten tin support to form a shaped layer of 

55 the material on the support The shaped 
material was rapidly cooled to 750°C and then 
heated at the rate of 110°C min- 1 up to a 
temperature of 1090°C. Fur a limited rime 
during which the material was passing through 

60 a temperature in the range of 800°C the 
centres of incipient crystal growth were being 
prod uced in the glass and the subsequent 
crystallisation, completed while the glass was 



held at 1090°C for 4 minutes, resulted in' a 
glass ceramic material having a modulus of 65 
rapture of 180 MNjn"* and an average ex- 
^pansion coefficient over the temperature ranee 
25°C n> 500°C of 53 X MK»C"«. The 
heating process time was 7.3 mim^ and the 
crystalline phases present were ^-quartz solid 70 
solution (a solid solution with the £ -quartz 
structure), spinel and magnesium alurninium 
titanate. The crystal size, estimated from an 
electron micrograph of a replicated fresh frac- 
ture surface of the ceramic, was in the ranee 
1 to 2 pXXL ^ J 

EXAMPLE 3. 
A melt of glass No. 2 was produced and 
was poured on to a molten tin support in the 
same manner as for Example 1. The supported an 
layer was cooled to about 600°C and then 
heated rapidly at a rate of 80°C min" 1 up to 
a temperature of 1020°C where it was held for 
, about 5 min ut es. The uniform dispersion of 
embryonic centres of crystal growth developed 85 
throughout the material as it passed through 
the temperature region about 675°C The 
hold tune of 5 minutes and the high tempera- 
ture of 1020°C were chosen to consolidate the 
interlocking structure of fine-grained crystal on 
particles and to develop the- required strength 
and properties of the product. The material 
was at the upper crystallisation temperature for 
mst sufficient time to produce the desired 
crystal phases and to consolidate the reqtiired 95 
degree of crystallinity of the principal crystal 
phases, pseudo-hexacelsian and jS-spodnxnene. 
The crystal size was in the ranges 0.2 to 0 J 
/an and 2 to 6 jan. The modulus of rupture of 
the glass ceramic material was 138.MN.nr-*, 100 
its ^coefficient of expansion was 68.5 X 10— ' 
C \ and it had a high abrasion resistance. 
The heating process time was 103 minn^ 

EXAMPLE 4. 

Glass No. 3 was subjected to a similar pro- 105 
cednre to that described in Example 1. The 
material is initially cooled to a temperature 
below 500° C and then heated at a rate of 
Z.Sj ahr ~ l through the temperature range of 
510°C to 560°G within which range the dis- 110 
persion of growth centres in the glass is formed. 
Thereafter the heating continued at the 
rate to a hold temperature of 1030°C and- by 
the time the material had reached mat tem- 
perature it had achieved the form of a fine- 115 
grained glass ceramic material having a 
modulu s of rupture of 150 MNjit 2 . 

The crystal size was in the range 2 to 5 dim 
and the crystalline phase present in the material 
was £-spodumene solid solution. The degree 120 
of crystallinity was greater man 88%. 

The heating process time was 11.8 minutes. 

EXAMPLE 5. 
Glass No. 3 was subjected to a similar pro- 
cedure to that described in Example 1, and 125. 
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was heated from a temperature of 500°C or 
below through the range of 510°C to 560°C 
at a rapid heating rate of 150° C mm" 1 uo 
to a temperature of 1000° C By the time the 
material reached that temperature it had been 
transf ormed to a fine-grained glass ceramic 
wnose modulus of rupture was 114 MN.nr- a 
whose expansion coefSdent was 45 X 10-' 
"C- 1 and which comprised crystals whose- size 
was in the range of 1 to 3 /un. The crystalline 
phases present were ^-eucryptrtE and lithium 
n^tasihate and degree of crystallinity was 
y»/ 0 . lne he a ring process tim? y^s 3.3 
minutes. 

EXAMPLE 6. 

Glass No. 4 was melted and poured on to a 
molten tin support and cooled rapidly on the 
support to a temperamre of about 500°C The 
shaped and supported material was then hgat ^ 
at a rate of 45°C mur-* through the tem- 
perature of 580°C in the region of which the 
distribution of centres of incipient crystal 
growth are believed to be formed as a uniform 
dispersion throughout the material. 

Heating at the rate of 45 °C. mm 1 * was con- 
tinued up to a temperature of 990°C and by 
the time the vitreous material had reached that 
temperature it was in the form of a fine- 
grained glass ceramic material having a 
modulus of rupture of 65 MNjrr^ and an ex- 
pansion coefficient of 18.7 X 10~ T °C" 1 . 

The crystal size was in the range 0.1 to 2 
fim, and the crystalline phases present were 
0-spodumene and zirconia. The heating pro- 
cess time was 10-9 miTm rps, 

EXAMPLE 7. 
Glass No. 4 was again formed into a layer 
on a support of molten tin cooled to about 
500°C and was subjected to a more rapid 
heating rate of 150° min* 1 up to a tempera- 
ture of 1070°C The modulus of rupturebfie 
resulting ceramic material was 70 MNjh-* 
and the expansion coefficient was 7 X 10~ T 

The crystalline phases in the resulting glass 
ceramic were £-eucryptite and zirconia, with 
crystal size of about 2 /an. The heating pro- 
cess time was 3.8 minutes. 

EXAMPLE 8. 
Glass No. 5 was melted and poured on to a 
molten on support to form a layer which was 



EXAMPLE 9. 
< ,"^P roc f d ^ of Example 8 was again 
followed with Glass No, 5 except that a heat- 

7 15000 "ST S toa tenu^rature 

^LJ^P C ascd. The glass ceramic 

material produced in a much shorter heating 
process tune of 3.9 rnmures, had similar 
physical characteristics to that of Example 7, 
namely a modulus of rupture of 93 MNjn- f 
and an expansion coefficient of 26 X 10-* 
but a smaller crystal size of 1 urn. This 
again indicates that the rapid heating of the 
material through the temperature range where 
rapid crystal growth takes place can result in 
the formation of a fine distribution of smaller 
crystals than are produced when the heatine 
rate is somewhat less rapid. 

EXAMPLE 10. 
Glass No. 6 was melted and formed into a 
^ yer moJtEn support and cooled to 
about 600° C The supported shaped material 
was then heated at a rate of 80°C min- 1 
and at a temperature in the region of 690°C 
the centres of crystal growth formed. There- 
after the heating at the rate of 80° C 
continued up to a hold temperature of 1040° C 
where the glass was held for 5 minutes. The 
resulting glass ceramic material had a modulus 
of rupture of 152 MN.nr-» and a coefficient 
cf expansion of 19 X 10-' °Q-K The heating 
process time was 10.5 minutes. The crystalline 
phase m the ceramic was 0-quartz solid solu- 
tion. There was small crystals of about 0.1 urn 
size and larger crystals in the range 4 to 6 
,um. 

EXAMPLE 11. 
Glass No. 7 was subjected to a similar 
regime to that of Example 8 and was finally 
held at 1030°C for 5 minutes. The heating 
process time was 16.8 minutes and the result- 
ing glass ceramic had a modulus of rupture of 
175 MNjn— * and an expansion coefficient of 
32.1 X 10- T °C~ l . The size of ^-spodumene 
crystals in the ceramic was in the range 0 J 
to 1 J /tm. 

EXAMPLE 12. 
Glass No. 8 was processed in the man^ 
described above for Example 10 to produce 
a supported layer which was then cooled to 
about 650°d The layer was then heated to 
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up to a temperature of 1100°C and by the 
trme the glass reached that temperamre it had 
cryscalHed completely to a ceramic 
mate.._. having a modolus of rupture of 98 
^V^r'r^ a 2 w ex P ailsiori coefficient of 25.5 
X 10- C-K The crystal size was from 1 to 
2 /un and the main crystal was £- 

spodumene. The heating process time was 13.6 
minutes. 



— at 48°C 

nun to a temperamre of 1070°C. The heat- 
ing process time was 103 minutes. 

The resulting glass ceramic mun-rja} had a 
modulus of rupture of 100 MNjrr-*, an ex- 
pansion coefficient of 12 X 10~ T 0 O 1 and 
co mpri sed crystals of zirconia and of B- 
eucryptite of a size in the range of 1 to 5 ^n. 
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EXAMPLE 13. 
Glass No. 8 was cooled on molten tin from 
1400°C to 790°C at a rate of 60 °C mirr-K 
It was held at 790°C for 10 minutes and then 
5 heated at 40° C min" 1 to 980° where it was 
held for 10 minutes, and then cooled. The 
resulting glass ceramic had a modulus of rup- 
ture of 110 MN»m~ 2 and an expansion co- 
efficient of —7 X 10~ r "C" 1 and consisted 
10 of crystals of /?-spodumene solid solution and 
zirconia with a size range of 0.5 to 5 /im. 

EXAMPLE 14. 
Glass No. 9 was melted, shaped on the 
molten tin support into the form of a sheet of 

15 material, and then cooled to a temperature of 
about 650 a C and thereafter the glass was 
heated at the rate of 150°C per minute up 
to 1060° C. Growth centres appeared at about 
740° C and the materia] was held at that tem- 

20 perature for 5 minutes. By the time the 
material reached 1060°C it had been trans- 
formed into a glass m-amfc material having a 
modulus of rupture of 100 MNarr -3 , an ex- 
pansion coefficient of 11 X 10"* °C~ l and a 

25 crystal size of 3 to 5pm. The crystalline phase 
was j9-spodumene and the degree of crystal- 
Unity was greater than 85%. The heating pro- 
cess time was 7.1 minutes. 

EXAMPLE 15. 

30 Glass No. 10 was shaped on a molten tin 
support into the form of a sheet and the 
shaped supported material was cooled below 
700° C and then heated rapidly at the rate 
of 90° C mi ft" 1 up to a temperature of 1050° C, 

35 at which temperature it was held for 4 min- 
utes. The centres of incipient crystal growth 
were believed to have formed during that rapid 
heating through the temperature region about 
710 & C. The glass ceramic material had a 

40 modulus of rupture of 120 MNjrr- 8 and an ex- 
pansion coefficient of 24.9 X 10" T °C~ 1 . The 
crystalline phase was /?-quartz solid solution 
and the crystal size in the range 3 to 6/un, with 
some small 0.1 paa crysta ls. The hearing pro- 

45 cess time was 7.9 minutes. 

EXAMPLE 16, 
Glass No. 11 was melted, poured on to a 
support of molten tin to take the form of a 
supported sheet and cooled at an average rate 

50 of 70°C minr 1 to a temperature of 780°C at 
which temperature the sheet was held for 10 
minu tes. Thereafter the supported material 
was rapidly heated at a rate of 40° C mirr~ l 
up to a temperature of 1150°C where it was 

55 held for 10 minutes. The modulus of rupture of 
the resulting glass ceramic material was 89 
MNjrr™ 3 and the coefficient of thermal ex- 
pansion was 0.5 X 10~ T °C- 1 . The crysta l 
size was 5 to 8 /tin, the crystals consisting 

60 of ^-spodumene solid solution and zirconia, 
and the Hating process rime was 29.3 minutes. 
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EXAMPLE 17. 
Glass No. 11 was melted, poured on to a 
support of molten tin to take the form of a 
supported sheet and cooled to a temperature of 65 
775 °C at which temperature the sheet was held 
for 5 minutes. Thereafter the material was 
heated at a rate of 120°C mirr* 1 to 1100°C 
where it was held for 10 mi mitre and there- 
after immediately cooled. The modulus of 70 
rupture of the resulting translucent, white 
glass ceramic was 124 MNjn _2 3 and the co- 
efficient of expansion was —7 X 10~ J °C~ 1 . 
The crystal phases were £-eucryptite with a 
trace of £-spoduxnene and zirconia and the 75 
crystal size distribution was in the range 2 to 
10 /tm. Heating process time was 17.7 minutes. 

EXAMPLE 18. 
The process of Example 17 was repeated 80 
the only change being to operate with a heat- 
ing rate of 48 °C min" 1 . An opaque white 
glass ceramic resulted, having a modulus of 
rupture of 110 MN-mn*. The crystal phases 
present were £-spodumene solid solution with 85 
a trace of j3-eucryprite and zirconia, and a 
crystal size distribution in the range 5 to 10 
fun. The heating process time was 21.7 
minutes. 

EXAMPLE 19. 90 
A sheet formed from Glass No. 11 on a 
molten tin support after initial thermal treat- 
ment for 10 minutes at 775° C was heated at 
the rate of 120°C minr 1 up to 1100°C and 
was then rapidly cooled, thus preserving in the 95 
material the crystalline state achieved by the 
time the glass had reached 1100°C. The heat- 
ing process time was 12.7 mfmrtr-g and the 
modulus of rupture of the resulting material 
was 83 MNan~ a , and the coefficient of es- 100 
pansion was 7 X 10"* •C- 1 . The crystal size 
was distributed in the range 5 to 15 ,um and 
the crystalline phases were p-eucryptite with 
minor amounts of /?-spodumene and zirconia. 

EXAMPLE 20. . 105 
In a further experiment with Glass No. 11 
the melt was formed and the shaped material 
on the molten tin support was cooled to 775 °C 
and was held at that temperature for 10 min- 
utes. Thereafter the shaped supported material 110 
was heated at the rate of 48°C min" 1 to a 
hold temperature of 1100°C and was men im- 
mediately cooled. The modems of rupture 
of the resulting glass ceramic was 97 MNjh-* 
and the size of the crystals of jS-spodumene and 1 15 
zirconia was distributed in the range 5, to 10 
/tm. The heating process rime was 16.7 
minutes* 

EXAMPLE 21. 
A sheet formed from Glass No. 12, which is 120 
similar to Glass No. 11, was held at 730°C 
for 8 rninutes to produce the initial uniform 
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distribution of growth centres through the 
material. The supported material was then 
heated at the rate of 300°C min" 1 up to a 
temperature of 1080° C and was held at that 
5 temperature for 5 minutes. The heating pro- 
cess time was 14.2 minutes and the resulting 
glass ceramic material had a modulus of rup- 
ture of 101 MNjh-\ and a crystal size dis- 
tribution in the range 1 to 5^m of the crystal- 
10 line phases 0-spodumene solid solution and 
zirconia. The degree of crysiallinity was greater 
than 90%. * 

EXAMPLE 22. 
Glass No. 12 was cooled on molten tin 

15 from 1400°C to 750*C at an average rate of 
90°C mirr- 1 . The glass was held at 750°C for 
15 minut es and was then reheated to 1100°C 
at an average rate of 70°C mm" 1 , and was 
held at 1100°C for 15 minutes. The product 

20 was a fine textured glass ceramic having a 
modulus of rupture of 119 MNjnr 2 . The heat- 
ing process time was 35 minutes. 

EXAMPLE 23. 
Glass No. 13 was melted and poured on to 

25 a molten tin support and thereafter cooled 
below 700° C. The shaped material was then 
heated at a rate of 100° C mhr- 1 to a tempera- 
ture of 1090°C and was held at that teinpera- 
tore for 3 minutes. Centres of crystal growth 
SfYf 9^ » temperature region around 
740 C. The resulting glass ceramic material 
had a modulus of rupture of 165 MNjn~*. The 
crystalline phases were /8-spodumene and 
rutile, and the crystal size was in the range 

35 2 to 4 .am. H eat ing process time was 6.9 
minutes. 

EXAMPLE 24. 
Glass No. 13 was melted, poured on to the 
molten tin support and thereafter cooled below 

40 700°C. The shaped material was then heated 
at the rate of 110°C mhr- 1 up to a tempera- 
ture of 1150°C and held at that temperature 
for 4 minutes. Centres of crystalline growth 
developed at about 740°C The modulus of 

45 rupture of the resulting glass ceramic material 
was 137 MN-nr- 3 and the expansion coefficient 
13.7 X 10~ T °C- 1 . The crystalline phases 
present were £-spodumene and rutile and the 
crystal size distribution was in the range 2 to 

50 4 .urn. The heating process time was 8.1 
minutes. 

EXAMPLE 25. 
Glass No. 14 was subjected to the same 
procedure as in Example 1 and after cooling in 

55 supported sheet form was heated rapidly at e 
rate of 150°C minr 1 through a temperature 
of 78 0° C at which the embryonic centres of 
crystal growth are believed to form in the gfacc 
and thereafter at the same rate up to 1070°C 

60 The resulting glass ceramic material was im- 
mediately cooled so that it retained a crystalline 
state achieved at 1070° C and the material tos 
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found to have a modulus of rupture of 89 
MN.m * 3 an expansion coefficient of 33 X 
1 ^\° C 7*\ and a a 7 stamte size distribution 65 
of 0.1 to 0.3 urn. This gave an extremely fine- 
grained glass ceramic material. The heating 
process time was only 3.8 minutes. 

EXAMPLE 26. 
The same glass No. 14 as in Example 25, 70 
after cooling in sheet form was heated at a 
rate of 300°C mhr" 1 up to 1080° C and the 
glass ceramic material which had formed by 
the time that high temperature was obtained 
had a modulus of rupture of 101 MNjn— * an 75 
expansion coefficient of 9 X 10~ T 0 0 1 and 
a crystat m ^ range of 5 to 10 /nn. 
The crys talline phases present were £-spodu- 
mene solid solution and zirconia. The heating 
process time was only 1.9 minutes. qq 

EXAMPLE 27. 
Glass No. 15 was subjected to the same 
procedure as in Example 1 being cooled ini- 
tially below 500°C and then heated at the rate 
of 30°C per minute. In the region of 530°C 55 
the glass as it is heated passes through a range 
of temperature where the formation of 
embryonic centres of crystal growth is initiated * 
and the heating of the glass at the rate of 
30°C mirr- 1 continued up to 800° C where the 90 
m ate ri al was held for 12 minutes. The result- 
ing glass ceramic material had a modulus of 
rupture of 190 MNjnr a and an expansion co- 
efficient of 107 X lfr~ T °C~ 1 . The crystalline 
phases present were lithium disiliran* and e- 95 
cristobalite with a crystal size distribution in 
the range 0.2 to 0.4 jim. The heating pro- 
cess time was 22 minutes. 

EXAMPLE 28. 
The same Glass No. 15 as in Example 27 100 
was heated from the temperature of about 
500°C at a rate of 76°C mirr- 1 to 860°C 
where it was held for 4 minutes. The modulus 
of rupture of the resulting glass ceramic 
materials was 196 MNjoor*. In this Example 105 
the hearing pro cess time was 8.7 minutes. The 
same crystalline phases" lithium riftair^ ti and 
^-cristobalite were present and the crystal size 
was in the range 0.5 to 1.0 /on. 

EXAMPLE 29. 110 
Glass No. 16 was cooled on a molten tin 
support from 1190°C to 720°C at an average 
rate of 80 °C min" 1 . The ^ held 

at 720 °C for 10 minutes and then heated at 
the rate of 35°S minr- 1 to 930°C and was 115 
held at that temperature for 10 zninutes and 
then cooled. The hraring process tfr ne was 26 
minutes. The resulting glass ceramic material 
had a modulus of rupture of 124 MNjrr-*, 
and^a coefficient of expansion of 2 X 10^ 120 
°C \ and consists of crystals of £-eucryptite 
and zirconia with an average crystal size of 4 
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EXAMPLE 30. 
Glass No. 17 was cooled on a molten tin 
support to a temperature below the point 
where crystal growth centres are believed to 
5 appear and then heated from that tempera- 
ture. The crystal growth centres were believed 
to appear in the material at about 805 °C. The 
rate of rapid hearing was at the rate of 130°C 
mnr- 1 up to 1170°C where the maW^ ^ 

10 held for 9 minutes. The resulting material had 
an expansion coefficient of 100 X 10™* "C" 1 
and the heating process time was 11.8 minutes. 
The crystalline phases were «*-quartz, mag- 
nesium aluminium titanate and sappbirine, 

15 with crystal size in the range 0.1 to 0.3 pm. 

EXAMPLE 31. 
The process of Example 30 was repeated 
with Glass No. 17 and with a heating rate of 
160°C min- 1 to 1150 o Q followed by further 

20 heating at 10° C min- 1 to 1220° C The 
material was held at 1220° C for 4 minutes. 
The resulting glass ceramic had a modulus of 
rupture of 195 MNjn~*, an expansion co- 
efficient of 110.5 X 10- r °C-\ the same 

25 crystalline phases as in Example 30 and crystal 
size distribution in the range 0.2 to 0.6 fan. 
The heating process time was 13.1 mimitcs. 

EXAMPLE 32. 
Glass No. 18 was melted and supported in 

30 layer form on a molten tin support and there- 
after cooled to 700°C The cooled shaped 
material was then heated on its support at the 
rate of 150 °C min— 1 up to a temperature of 
1100°C. Centres of crystal growth formed at 

35 about 750°Q and by the time die material 
reached 1100°C it had been transformed to a 
glass ceramic material having a modulus of 
rupture of 121 MNjrr~ a 3 and an expansion 
coefficient of 71 X 10~ f 0 0 1 . The heating 

40 process time was 2.7 minutes and the crystal- 
line phases present were enstatite and mag- 
nesium aluminium titanate with a crystal size 
of about 0.5 ipra. 

EXAMPLE 33. 

45 Glass No; 18 was again processed as in 
Example 32 but at a higher heating rate of 
300°C min- 1 up to a temperature of 1130°C 
The glass ceramic material achieved at that 
temperature and in a heating process time of 

50 only 1.4 minute had a modulus of rupture 
of 150 MN.m~ a and an expansion coefficient of 
70 X 10-* °C~ l . The same phases and 
crystal size as in Example 32 were observed. 

EXAMPLE 34. 

55 A melt of Glass No. 19 was formed and 
when in the form of a shaped sheet supported 
on molten metal was cooled below 800° C and 
thereafter rapidly heated at me rate of 45°C 
min 1 through the temperature region around 

W 820°C where growth centres are produced, up 
to a temperature of 1070°C and by the Hm» 
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die material reached that temperature in a 
heating process time of 6 minutes, it had the 
form of a fine-grained glass ceramic with a 
modulus of rupture of 92 MNjn-* an ex- 65 
pansio n coefficient of 112 X 10"* 0 0 1 and a 
crystal size distribution in the range 1 to 2 
jfim. The crystalline phases present are 
nepheline and hgYar*»|sifm 

EXAMPLE 35. 70 
Glass No. 19 treated as in Example 34 was 
subjected to a higher heating rate in tne region 
of 150°C minr 1 up to a temperature of 
1060° C and a somewhat stronger material 
having a modulus of rupture of 107 MNuxr -3 75 
and an expansion coefficient of 114* X 10~ T 
°C- 1 resulted. The crystal size distribution 
was in the range 3 to 5 /an, and the crystalline 
phases were oc-pseudo-hexacelsian and 
carnegieite. The heating process time was 1.7 so 
minutes. w 
EXAMPLE 36. 
A melt formed from Glass No. 20 was 
cooled on a molten tin support to 730° C, was 
held at that temperature for 10 minutes, and g$ 
was then heated at a rate of 120°C min- 1 
to a temperature of 1100°C and immediately 
cooled. The resulting glass ceramic had a 
modulus of rupture of 113 MNan~ 2 . The 
principal crystalline phase was ^-spodumene 90 
with a small amount of ^-eucrypttte and a 
trace of ce-quartz, and the crysta l size dis- 
tribution was from 1 to 2 /u» . _ 

EXAMPLE 37. 

A melt formed from Glass No. 20 was 95 
cooled on a molten tin support to 730° C 
and was held at that temperature for 10 min- 
utes, and then heated at a rate of 120° C rain— 1 
00 a temperature of 1100°C and held at that 
temperature for 10 minutes. The resulting glass 1 00 
ceramic had a modulus of rupture of 14S 
MNjn~*. The crystalline phases were /?- 
spodumene solid solution and o-quartz, and 
the crystal size distribution was in the range 
.1 t» 2 ^m. 105 
EXAMPLE 38. 

A melt of Glass No. 11 was formed and a 
sample was heated in a covered graphite vessel 
in a muffle furnace at 780°C for 10 
at which temperature crystal growth centres or i 10 
nuclei are formed. The sample was then rapidly 
heated at 120° C minr 1 to a crystallisation tem- 
perature of 1100°C, at which it was held for 
10 minutes, after which it was cooled at 
300°C min " 1 to room temperature. A f jm^ 115 
white crystalline glass ceramic was obtained 
with no cracking and only slight transverse 
distortion. The modulus of rupture was 64 
MNjet* and the crystalline phases present 
were ^-spodumene solid solution and e-quartz, 120 
with tetragonal and monodinic zirconia. 

EXAMPLE 39. 
Glass No. 11 was treated as in Example 38 
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except that the heating rate was increased to 
140° C mirr- 1 . The product obtained was simi- 
lar in appearance, but had a higher modulus of 
tup ture of 69 MNjti - 3 and the crystalline 
5 phases present were j9-spodumene and 
tetragonal zirconia. 

EXAMPLE 40. 
Glass No. 11 was treated as in Example 38 
except that the heating rate was further in- 
10 creased to 240° C mirr -1 . The product was 
similar in appearance and crystalline phases to 
that of Example 39, with a modulus of rup- 
ture of 67 MNjn~*. 

EXAMPLE 41. 

15 Glass No. 11 was again treated as in Ex- 
ample 38 except that the heating rate was 
430° C mnr -1 . The product was similar in 
appearance and crystalline phases to that of 
Example 39, with a modulus of rapture of 72 

20 MNjh" 2 . Crystal size was around 10 ,ua 

EXAMPLE 42. 
Glass No. 11 was again treated as in Ex- 
ample 38, except that the rate of heating was 
480° C mitt— 1 . The glass ^mtV produced 

25 appeared similar to that of Example 38, though 
with even less distortion. The modulus of rup- 
ture was 62 MN.m~~ a and the crystalline phases 
present were /7-spodumexie with tetragonal 
zirconia and a small amount of mntfinrKwir 

30 zirconia. It would appear that the heating rate 
of 480°C mirr" 1 is about the nwrmwtm. that 
can be tolerated. 

In each of the Examples the invention is de- 
scribed with reference to the forming of a single 

35 sheet of glass ceramic material, but it will be 
understood that the invention also includes a 
continuous method of niannfacturing a glass 
ceramic material in which a melt of the ther- 
mally crystallisable material is continuously 

40 formed and advanced in ribbon form along a 
non-wettable support, e-g. a molten tin bath, 
as described above with reference to Figure 4. 

For such a continuous method, good thermal 
contact between the material and the support 

45 is important so that the material can be 
accurately thermally controlled during its ad- 
vance. A molten tin bath is particularly effec- 
tive in this respect. The advancing ribbon is 
first cooled to a temperature at which the 

50 embryonic centres of crystal growth develop 
in the material and thereafter the advancing 
ribbon is maintained at that temperature for a 
limited time during its further advance which 
is sufficient to generate within the material the 

55 required distribution of embryonic centres. 
This may take place while the material is being 
heated through a Temperature range conducive 
to the generation of the dispersion of growth 
centres. Then during the further advance of the 

60 ribbon it is subjected to a steeply using tem— 
perature gradient whose slope is sufficient to 
. retain in the ribbon a crystalline dispersion 



having the character of the dispersion of 
embryonic growth centres as the material is 
rapidly hea t ed and crystal growth is rapidly 65 
initiated. Having arrived at a predetermined 
maximum temperature, the value of that tem- 
perature and the time of holding the material 
at it are chosen to consolidate a required degree 
of crystalliniiy of a desirable crystal phn<a» or jq 
phases. The ribbon has then become sufficiently 
stiffened to hold its form even though at a high 
temperature but it is cooled somewhat before 
removal from the support. 

An interdependence exists between the tem- 75 
peramre/time regime for the development of 
the dispersion of embryonic centres of crystal 
growth, and die controlled rate of rapid heating 
to produce the required degree of crystallinity, 
crystallite size distribution and crystal species 80 
in the glass ceramic With particular materials 
the time at a certain Temperature for the de- 
velopment of the growth centres has been ob- 
served to be dependent on the rate of heg tfng 
subsequently applied in order to give a desired 85 
result. The rate of internal crystallisation, and 
hence the rate of formation of the glass 
ceramic, is influenced by the concentration of 
centres of crystal growth in the dispersion and 
the time the material is subjected to that tem- SO 
perature/ time regime. 

This interdependence between the tempera- 
uuie/time regime for the development of the 
dispersion of embryonic centres of crystal 
growth and the rate of rapid hating also ex- 95 
tends to the physical properties of the glass 
ceramic material produced, notably the 
modulus of rupture of the gl a ^ y ceramic. 

When experimenting with Glass No. 11 a 
variation of the temperature of the crystallisa- 100 
tioa exo therm, i.e. the temperature at which 
the rate of heat generation during crystal 
growth is at a maxi'mnrnj with rate of rapid 
heating was observed. The greater the rate of 
heating, the higher is the temperature at which 105 
the crystallisation exotherm is observed. For 
example with a heating rate of 48° C miff" 1 
the exotherm temperature was 975°C and the 
glass ceramic produced had a modulus of rup- 
ture of 97 MNonr 1 ; and with a h~n™ £ ra te 110 
of 120°C min- 1 , as in Example 19, the exo- 
therm Temperature was 1050° C and the 
modulus of rupture of the g^gq ceramic was 83 
MN-nr- 8 . 

At somewhat lower heating rates, after the 115 
same pre-treatment, a usable glass ceramic 
could not be produced. At a hearing rate of 
10°C mux -1 the exotherm temperature was 
890° C but the specimen cracked during 
crystallisation; and at a heating rate of 15°C 120 
min -1 this temperamre was 910° C and the 
specimen also cracked. 

Variation of exotherm temperature with 
variation of the time for the development of 
centres of crystal growth was also observed. 125 
The experiments used Glass No. 8 and a fixed 
temperamre of 765°C was chosen for the de- 



vclopment of crystal growth centres. Three 
° f gl ?S and the time at 

765 C was different for each sample;* After the 
pre-treatment at 765°C each piece was heated 



at ™?J? °* 120 ° C ™~ l 8 50°C and then 
at 30°C mirr- 1 to 1070°C and cooled immedi- 
ately thereafter. The results observed are set 
out in Table II below: 
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TABLE U 



Glass No. 8 



Time at 
765° C 
(min) 


Exotherm 
Temperature 
<°Q 


Modulus of 
Rupture 
<MN. ra J ) 


Crystallite 
Size 
Gim) 


5 


1000 


132 


1 to 5 


20 


920 


112 


1 to 3 


60 


890 


108 


1.5 to 4 



It was apparent that as the rim»> for de- 
velopment of crystal growth centres increased, 
both the exotherm temperature and the 
strength of the product decreased, although 
the crystallite size was substantially constant 
and the same crystal phases were present, 
namely £-eucryptite and zirconia with minor 
amounts of /?-sp odumene. 

Thus both the rime allowed for the develop- 
ment of centres of crystal growth and the rapid 
beating rate can be chosen to determine the 
physical properties of the glass ceramic, indi- 
cating a link between the modulus of rapture 
of the glass ceramic and the exotherm tempera- 
ture. 

Other ways of regulating the physical 
properties of the glass ceramic produced have 
been observed within the context of rapid 
change of the thermal condition of the 
material. 

When working with Glass No, 11 stronger 
products have been obtained at the ends of the 
range of rapid h e a t ing rates than in me middle 
of the range. Example 17 illustrates the pro- 
duction of strong, fine-grained glass ceramic 
when the heating rate is 120° C mar- 1 , which 
rate is compatible with the previous thermal 
history of the material, which, in Example 17, 
was held at 775 °C for 5 mimir^ When em- 
ploying such a. heating rate ft appears that 
crystallisation occurs at high temperatures and 
consequently when the material is in a state of 
high overall defonnabiliry as it is being trans- 
formed into the glass ceramic 

At a less rapid heating rate of 48 °C min- 1 , 
as in Example 18, a strong product was also 
obta ined, apparendy because substantially only 
one crystal phase, >S-spodumene solid solution, 
is formed. Apparendy the pre-treatment by 
holding at 775 °C for 5 minutes is also appro- 
priate to this lesser heating rate. 

Intermediate heating rates in the range pro- 
duced weaker products from Glass No 11 A 
piece of glass was held at 775°C for 5 minutes 
and then heated at the rate of 86 °C min- 1 to 



1100°C. The glass ceramic produced had a 
modulus of rupture of 36 MNan -3 . Another 
amflar piece of glass was heated at the rate of 
64 C mm- 1 up to 1100°C, and was trans- 
formed into a glass ceramic whose modulus of 
mptnre was 34 MNan~ 3 . At both these inter- 
mediate heating rates a mixture of crystal 
phases appeared notably j9-eucryptite with 
minor amounts of j3-spodumene and zirconia. 
It was apparent that in order to produce a 
strong material at these intermediate heating 
rates, the time for development of the dis- 
persion of centres of crystal growth could be 
varied as necessary. 

Thus by appropriate choice of a tempera- 
ture/time regime for the production in a 
vitreous material of a uniform dispersion of 
centres of crystal growth, and of the subsequent 
rate of rapid heating of the material, there can 
be selectively produced from each crystallisable 
vitreous material a range of strong gl*g« 
ceramic materials each having a fine crystal- 
line miano-stjructure and being uncracked and 
undeformed. "Heating process rime" by the 
method of the invention is much shorter than 
has been possible hitherto, at most up to about 
40 minutes, often in the region of 10 minutes, 
and even as short as 1 minute. 

WHAT WE CLAIM IS:— 

1. A method of tnarmfacturing a fine-grained 
gkss <*ramic material from a thermally- 
crystallisable vitreous material, in which the 
material is shaped, cooled and subsequently 
heated to a predetermined crystallisation tem- 
perature, wherein, after shaping, the material 
is supported against loss of its shape through- 
out the subsequent processing, said processing 
comprising hearing the shaped and supported 
material to a temperature T x which lies be- 
tween T, and T C +220°C, where T 8 is the 
transformation temperature of the vitreous 
material, so as to develop within the 
uniform dispersion of embryonic centres of 
incipient crystal growth, and then rapidly 
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heating the material at a controlled rate in the 
range of 30° C. mhr* to 480°C min-i to the 
predetermined crystallisation temperature in 
the range 800° C to 1250 °C to effect fine- 
5 grained crystal growth on those embryonic 
centres while the viscosity of the glassy matrix 
of the crystallising material is at a value which 
permits rapid stress relaxation. 

2. A method according to Claim 1, where- 
10 in the shaped and supported material is held 

for a period of between 2 and 30 minutes at 
the temperature T s which lies between T, and 
T,-t-220°C. ' 

3. A method according to Claim 2, where- 
15 in the temperature T y and the period for which 

the material is held at for development of 
said dispersion of embryonic centres, and the 
controlled rate of rapid heating, are inter- 
related to produce a required degree of crystal- 
20 Unity, crystal size distribution and crystal 
species in the glass ceramic. 

4. A method according to any one of the 
preceding Claims, wherein the thennally- 
crystallisable vitreous material is melted and 

25 formed into a ribbon which is continuously ad- 
vanced along a non-wettable support, in per se 
known manner, and the material is supported 
on the non-wettable support throughout the 
subsequent processing which develops the 
emblv on * c centres and then effects fine-grained 
crystal growth on those centres. 

5. A method according to any one of the 
preceding Claims, wherein the support for the 
material is provided by a non-wettable sup- 



port material of high thermal conductivity. 1S 

6. A method according to Claims 4 and 5 
wherein the non-wettable support is a bath of 
molten metal, the melt is poured on to the 
bath at a controlled rate and is advanced in 
ribbon form along the bath as it crystallises, 40 
and the glass ceramic ribbon when formed is 
cooled until it can be taken unhaiwri from 

the bath. 

7. A method according to any one of the pre- 
ceding Claims, wherein the vitreous material 45 
is an Ii a O — Al 2 O s — Si0 2 composition con- 
taming a nucleating agent. 

8. A method according to Haiir) j y wherein 
the nucleating agent comprises P 3 0„. 

9. A method according to Claim 7 or 8, 50 
wherein the nucleating agent comprises Zr0 2 . 

10. A method according to Claim 9, where- 
in the nucleating agent comprises between 3.3 
and 7.0 wt.% ZrO, and from 1.0 to 2J wt,% 
* >, ^ B * 55 

1L A method according to Claim 7, where- 
in the nucleating agent comprises TiO* 

12. A method of nianufacturmg a fine- 
grained glass ceramic material substantially as 
hereinbefore described with reference to any 60 
one of the specific Examples. 

13. A fine-grained glass ceramic ma ferial 
produced by the method of any one of the 
preceding Claims. 

PAGE, WHITE & FARRER, 
Chartered Patent Agents, 
27, Chancery Lane, London, WC2A INT, 
Agents for the Applicants. 
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